One contribution of 11 to a theme issue 'Multiscale modelling in biomechanics: theoretical, computational and translational challenges'. Rapid prototyping techniques have been widely used in tissue engineering to fabricate scaffolds with controlled architecture. Despite the ability of these techniques to fabricate regular structures, the consistency with which these regular structures are produced throughout the scaffold and from one scaffold to another needs to be quantified. Small variations at the pore level can affect the local mechanical stimuli sensed by the cells thereby affecting the final tissue properties. Most studies assume rapid prototyping scaffolds as regular structures without quantifying the local mechanical stimuli at the cell level. In this study, a computational method using a micro-computed tomographybased scaffold geometry was developed to characterize the mechanical stimuli within a real scaffold at the pore level. Five samples from a commercial polycaprolactone scaffold were analysed and computational fluid dynamics analyses were created to compare local velocity and shear stress values at the same scaffold location. The five samples did not replicate the computeraided design (CAD) scaffold and velocity and shear stress values were up to five times higher than the ones calculated in the CAD scaffold. In addition high variability among samples was found: at the same location velocity and shear stress values could be up to two times higher from sample to sample. This study shows that regular scaffolds need to be thoroughly analysed in order to quantify real cell mechanical stimuli so inspection methods should be included as part of the fabrication process.
Introduction
Scaffolds aim to provide a template that serves as a host to guide cells to produce their extracellular matrix. Adequate pore size, regular porosity and interconnectivity are required to allow tissue ingrowth, neovascularization, mass transport and suitable mechanical properties [1, 2] . In addition, scaffolds must be biocompatible, and should ideally degrade at specific rates while new tissue is growing and stimulate cell response [3] .
Rapid prototyping techniques can be used in a wide range of scaffold biomaterials such as poly(glycolic acid) [4] , poly(lactic acid) [5] , polycaprolactone (PCL) [6] and polyethylene glycol [7] . A pre-defined regular computeraided design (CAD) geometry is defined to produce the scaffold in a layer by layer manner [8] . These techniques can be classified regarding the way the material is deposited: laser-based such as stereolithography and laser sintering with accuracies of 0.5-20 mm and 50 mm, respectively, printing-based such as three-dimensional printing and wax printing with accuracies of 50 mm, and melting-extrusion methods with accuracies of about 100 mm [9, 10] . Despite the great potential of these fabrication methods to build scaffolds with highly accurate controlled architecture, they still have to develop towards Good Manufacturing Practice (GMP) standards to ensure scaffold commercial production and successful translation into clinics [11] . Scaffold fabrication is expected to replicate the design geometry, deliver the required mechanical properties and provide repeatability in batch production. Some efforts have been made to meet these requirements as shown in the study of Van Bael et al. [12] , who optimized the fabrication method through a feedback loop approach where the fabricated samples were morphologically and mechanically characterized to adapt the fabrication parameters until the desired results were reached. Domingos et al. [13] showed that the high sensitivity of the fused deposition modelling process parameters to extrusion speed and temperature alters the final PCL scaffold geometry. Garrett et al. [14] highlighted the need of inspecting fabricated scaffolds to predict potential failure modes of the scaffold in its intended application due to limitations of the fabrication process. They characterized a regular three-dimensional printed titanium scaffold using micro-computed tomography (mCT) reporting significant variability with respect to the CAD model in terms of geometry and response during fatigue analysis. Podshivalov et al. [15] argued the steps involved from scaffold design up to its human body implantation should be standardized with the inclusion of scaffold inspection. Scaffold inspection should be carried out to assess variability of geometry and performance as it could strongly affect cell response and therefore tissue outcomes. As it is unknown what range of scaffold variability would be detrimental for the development of newly formed tissue, herein it is argued that scaffolds have to be analysed in a more systematic way to better predict experimental results. Previous studies have inspected fabricated scaffold geometry by scanning electron microscopy observations and measurements [16] . However, despite their high accuracy they are restrained to two-dimensional information in a limited field of view. mCT scanning allows the characterization of the full scaffold structure as shown by Wang et al. [17] . Furthermore, by the inclusion of the mCT-based reconstruction of the scaffold in finite-element and computational fluid dynamics (CFD) simulations, it is possible to link scaffold performance variability to its geometry [18] [19] [20] [21] [22] . However, most of these studies provide average values thereby missing information about the local effect of the geometry on the mechanical microenvironment.
The goal of this study was to inspect the geometry of a commercial regular scaffold and relate scaffold geometry variability to its fluid dynamic microenvironment under perfusion conditions. In this study, the wall shear stress (WSS) and fluid velocities within five fabricated scaffolds based on the same design were calculated by CFD. The objective was to compare the performance of the five samples, which in principle should be the same, and reproduce the CAD design outcomes. As a novelty, the method presented enables the assessment of intersample variability by comparing sample velocities and WSS values at the same location within the pore level.
Material and methods

Scaffold design and fabrication method
PCL scaffolds from 3D Biotek (New Jersey, USA) were used. The original CAD design consists of a regular internal distribution of fibres with a diameter and spacing between fibres of 300 mm (figure 1a). The diameter and height of the scaffold are 5 mm and 1.5 mm, respectively. There are six layers of fibres with an offset of 908 in the orientation of the fibres from layer to layer (figure 1a). Also, between consecutive layers the fibres are displaced by 300 mm.
Micro-computed tomography and reconstruction
Five samples were scanned using mCT scan (Skyscan1172, Materialise, Belgium) at 59 kV voltage and 149 mA beam current with a voxel size of 7 Â 7 Â 7 mm 3 . A sensitivity analysis was carried out with voxel sizes of 16, 8 and 4 mm 3 prior to scanning to select the voxel size that provides enough resolution without compromising the size of the data. The mCT image data were reconstructed using Simpleware (Exeter, UK). The stack of images was processed using median filter to facilitate the segmentation process (figure 1b). The region of interest was segmented and then filtered with recursive Gaussian filter to smooth the geometry in order to facilitate the surface meshing process. The scaffolds were characterized using Simpleware statistics and IMAGEJ (NIH).
Mesh generation and sensitivity analysis
Scaffold surface mesh was created first using Simpleware and then exported to ICEM Ansys (Ansys, Pittsburgh, USA), where it was positioned inside a cylinder (figure 2) and both the scaffold surface and the cylinder were considered as wall boundary conditions for the fluid volume mesh. The cylinder has a radius of 2.72 mm and a length of 28 mm. This geometry was selected for the five samples and for the CAD scaffold. The 2.72 mm radius was selected due to the need to reduce the gap between the tube and the scaffolds to ensure that the fluid flow passes through the scaffold and at the same time that there is no tubescaffold intersection to avoid meshing problems. After performing a grid independency test, an adaptive mesh with tetrahedral 
Computational fluid dynamics simulations
A steady laminar fluid flow was simulated using Ansys FLUENT with 1 mm s 21 velocity inlet and zero pressure outlet. The fluid flow is described by the three-dimensional Navier-Stokes equation and fluid volume mesh is resolved using the finite volume method. The fluid was described as an incompressible Newtonian fluid with a viscosity of 0.001 kg m s 21 and a density of 1000 kg m
23
. Non-slip wall condition was modelled. The calculated data from the CFD simulations were first analysed in CFD post Ansys, where velocity and WSS data were extracted at the pore level in all the scaffolds. The collected pore values were arranged by scaffold layers using Matlab. Once the data were organized according to scaffold locations, three-dimensional contours of velocity and WSS were plotted to characterize the fluid flow inside the scaffold and compare all the scaffolds at the same location (figure 3).
Results
Structural analysis
The mCT scan reconstructions show that the resulting geometry of the fabricated scaffolds does not replicate the original design. All the samples present a decreasing diameter gradient from the top layer to the bottom layer (figure 4) and defects at the edges due the punching during the fabrication process.
In addition, the samples have different internal microstructure pattern from the CAD pattern. A qualitative comparison between the reconstructed samples and the CAD scaffold shows that layers 2 and 4 of the mCT-based scaffolds are aligned, whereas in the CAD scaffold all alternate layers have an offset of 300 mm displacement (figure 4). This different pattern from the CAD scaffold is repeated in four of five samples. The sample that is different shows a contrary pattern. Layers 2 and 4 have an offset and layers 4 and 6 are aligned. One reason could be that the sheets of fibres were punched from the other side.
The fibre diameter varies from 220 + 100 mm after measuring reconstructed mCT images in the open source software IMAGEJ. In addition, all the scaffolds were characterized using Simpleware statistics module showing 100% interconnectivity and the porosity, surface area and volume are reported in table 1.
Velocity profiles (computational fluid dynamics)
Homogeneous velocity profiles are found in all layers inside the CAD scaffold with meaningless variability from layer to layer. It can be observed that there is clear repeatability of pore velocities within 2 and 3 mm s
21
. The velocity profiles of the five mCTbased scaffolds are heterogeneous with pore to pore variability from velocities close to zero up to 10 mm s 21 in the same layer. In addition, inside all samples the velocity profiles differ from layer to layer as shown in figure 5 . Velocity values from all the scaffolds can be compared at the same location as shown in figure 6 in order to assess variability. The velocity profiles from the CAD scaffold show higher pore velocity repeatability in a narrower range of values than the five samples that have more irregular profiles varying within a large range of velocities. In addition to the fact that the samples do not replicate CAD scaffold profiles, there is also intersample variability since the fluid flow pattern of each sample is different from the others. The WSS profiles of all the scaffolds can be compared at the same location (figure 8). The five samples show higher WSS values and more irregular profiles when compared with the CAD scaffold. In addition, from sample to sample the shear stress profile follows a different pattern.
Statistical analysis
From the CFD results, herein it is argued that velocities and WSS values vary according to the scaffold sample and the layer within that sample. Thereby pore velocity and WSS values are the dependant variables that would be linked to the sample and layer that are the independent factors. An unbalanced two-way Anova analysis was performed for each dependant variable confirming the significant ( p , 0.001) effect of the sample and layer within sample factors on the velocity and WSS profiles.
Discussion
Rapid prototyping techniques have demonstrated their feasibility to fabricate tissue engineering scaffolds with controllable architecture [20] . However, limitations of these techniques can affect the final local geometry altering the mechanical environment at the cell level. In this study, five commercial PCL scaffolds from 3D Biotek were used first to investigate the capability of the fabrication method to replicate the original design and reproduce the same geometry from sample to sample and secondly to quantify variations in the local mechanical stimuli due to the resulting geometry. The five mCT-image-based reconstructed samples do not replicate the CAD internal microstructure due to the fabrication process; PCL is preheated to a semi-molten temperature and then extruded through a nozzle depositing the fibres in a layerby-layer manner. The limitation of this technique is the effect of gravity on the deposited fibres when solidifying plus the need of the fibres to overlap along consecutive layers to ensure layer-layer adhesion. This results in an irregular porous structure with fibre diameter varying from 220 + 100 mm as also reported in the literature [23] . Furthermore, when the sheets of fibres are solidified punching is applied to obtain the desired cylindrical scaffolds; however, this process damages the side part of the scaffolds and results rather in truncated cone geometry than cylindrical.
At this point, from the structural analysis it is expected that the fluid path and the mechanical stimuli inside the fabricated scaffolds would vary from the design outcomes. To investigate this, a computational methodology was developed to allow the comparison of fluid velocity and WSS profiles of all the scaffolds at the same locations. Laminar fluid flow was applied since most in vitro cell culture studies in the literature show the benefit of laminar conditions in bone tissue development [24, 25] . In addition, the calculated Reynolds number at the pores of the scaffolds is 10. The results from the CFD analysis of the CAD showed homogeneous profiles in all layers as all the pores have the same size and only the scaffold inlet and plane A (a) (i) including the CAD due to the gap between the scaffold side and the wall of the tube that induces the fluid flow to pass through it. The same fixed tube diameter was chosen for all the scaffold simulations so the variation of the scaffold -tube distance could only be due to the scaffold geometry. For the CAD scaffold that distance was constant but in the case of the five samples, the side defects make scaffoldtube distance along the periphery to vary thereby being a high source of variability in the velocity and WSS profiles. This could occur as well when carrying out in vitro experiments; scaffolds are located inside standard commercial tubes with a fixed diameter and gaps could exist if there is scaffold morphological variability. However, no realistic boundary conditions were applied in the simulations since the scope of the study was rather to compare the five scaffolds under the same conditions thus scaffold geometry would be the only source of variability in the CFD analysis. Nevertheless, it has to be considered that mCT scanning could also be a source of error in this study; the fabricated samples were reconstructed from mCT data with voxel size of 7 mm 3 increasing the partial-volume effect.
Variations of fluid velocities and WSS values inside scaffolds could promote different cell mechanoresponse throughout the entire structure thereby resulting in newly formed tissue with heterogeneous properties. In the literature, it has been shown that cells respond to shear stress although there is not a clear consensus yet on which values modify cell behaviour. For instance, Zhao et al. [26] [27] . Another multishear device has been developed to study the response of human umbilical vein endothelial cells to different shear levels ranging from 0 (static) up to 0.9 Pa reporting shear-dependent expression levels of intercellular adhesion molecule-1 and the endothelial nitric oxide synthetase [28] . A different study showed that MSCs differentiate into endothelial cells when subjected to 0.25 Pa shear stress with endothelial cellrelated growth factors, whereas under a shear stress of 1 Pa they showed high marker levels related to smooth muscle cells [29] . As can be seen, cell activity under shear stress is still unknown so the WSS variability found in this study inside the samples may potentially vary cell mechanoresponse. However, it has been shown that cell responses have intrinsic variability under identical conditions [30] which makes it more complicated to assess the actual variability due to scaffold geometry. On the other hand, the fluid velocity variability also found inside the samples can affect scaffold cell seeding resulting in an initial irregular cell distribution that could alter the local flow environment. Furthermore, fluid velocity variability can perturb mass transport properties delivering different nutrient and oxygen concentrations throughout the structure and therefore affecting tissue development. This study still requires further in vitro experimental validation on the same samples that were scanned for the CFD simulations. This would be possible by relating tissue formation in the real scaffold with the local mechanical environment of the digital scaffold calculated in the CFD analysis. The WSS and fluid velocity variability found in the regularintended scaffold used in this study and the different cell responses due to shear stress reported in the literature add support to the idea that there is a need for inspecting rapid prototyping scaffolds. This study shows the potential of in silico methods towards scaffold GMP and the successful integration into clinics. The method presented in this study can be part of a standard protocol that complements in vitro tests in order to predict experimental results as well as assessing the variability of the scaffold manufacturing process for tissue engineering applications. In addition, this study can be applied to any rapid prototyping scaffold preventing researchers from the detrimental effect of scaffold geometry variability on tissue development. It is important to understand that a priori insignificant morphological variations observed at the macroscale level cannot be neglected when transferring down to the cell scale. Herein it is argued that the only manner to state that a scaffold has a regular geometry is by proving that there is no unexpected cell response variability. However, even the most regular scaffold at the pore level could present an irregular substrate roughness that provokes different cell behaviour.
Conclusion
Variability in scaffold architecture due to limitations during the fabrication process can strongly affect cell mechanical microenvironment. A computational method was developed to characterize scaffold geometry and study the effect of local geometrical variations on the fluid dynamics. Significant intersample variability was found on five samples of a PCL commercial scaffold fabricated by rapid prototyping techniques. This can be a high source of noise to in vitro experiments resulting in heterogeneous cell distribution and response throughout the scaffold and thereby unexpected tissue property outcomes. As this could potentially happen to any rapid prototyping scaffold, it is argued that a more systematic in silico analysis such as the one presented in this study should form part of a standard protocol for any pre-clinical and clinical tests. At the same time, there is a need for rapid prototyping techniques to be certified for GMP which would enable one to deliver repeatable scaffold structure and to achieve the design-intended performance. 
